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erimental  technique for  accurately measwing thermal conduc- 
t i v2 ty  i n  the  temperature range of  800' to 1500O e: is  presented, 
procedure i s  capable o f  making a direct measwment o f  t h e  heat flux and 
temperature drop across % sanple by the  use o f  a, heat pi,pe to t ransport  
t h e  heat  flu. The technique eliminates many o f  the uncertaiinlies 
associated with current methods presently employed to measure thermal 
conductivity at these high temperatures. 
are also &%$cussed. 
The 
Other appl icat ions of t he  method 
By def in i t ion ,  the thermal conductivity of a sample with a known 
geometry i s  determined by measuring the  temperature gradient acro88 the  
sample for  a given msasured heat flow through the  sample. Eaelatively 
simple techniques e x i s t  f o r  doing t h i s  at low temperatures~ 
high temperatures, where rad ia t ion  losses me appreci%ble, i t  becomes 
very d3 f f i eu l t  t o  make such d i r e c t  measurements because of the uncertainty 
i n  evaluating the  heat flow through the  sample. 
been &eveloped at high temp r a tu re s  tolmi.nimize t h i s  d i f f i c u l t y  and they 
consis t  o f  (a) steady state techniques (b)  t r ans i en t  thermal techniques .2 
Although the  former method employs 'pguwd" principl.es to e v a u a t e  the  
l i n e w  o r  radial heat  f3 .0~  through the  sample, p r a c t i c a l  consi&x-ati.ons, 
with respect  t o  t ransverse heat losses, l i m i t  t he  effect iveness  and 
accuracy of this mode of measurement, The latter method avoids the prob- 
l e m  of measuring the  heat flu d5rect ly  by using a time dependent thermal 
flux and measuring ind$.rect parameters! such %s t he  temperature var ia t ions  
with t i m e .  
i v i t y  which i s  d'irectly related to thermal conductivity. 
are limited by p r a c t i c a l  experimental problems and the  d i f f i c u l t i e s  in -  
crease'with an increasing temper&ture range. 
HQWCVE?~, at  
A number of methods have 
This permits t he  experimenter t o  determine thermal dSms- 
Both methods 
o f  th i s  report  i s  t o  suggest an experimental procedure 
The technique discussed 
i n  t h i s  paper, employs a high temperatwe 
e heat pfpe i s  an engineering device which 
which 3s f e l t  t o  be superior t o  those present1.y employed f o r  making high 
temperature thermal conductivity measurements. 
f o r  t he  range 800° to 1500° 
l i thium f i l l e d  he8.t pipe. 
2 
exhib i t s  extremely high thermal conductance and w a s  first described by 
Grover.3 d by containing 
a f l u i d  ins ide  an envelope, evaporating the f l u i d  as a l i q u i d  at  one 
end, t ransport  of t h e  vapor t o  t h e  other end where it is  condensed and 
returned to t h e  o r ig ina l  evaporator end through a wick of su i t ab le  
capi l la ry  s t ructure .  
sat ion of t h e  f l u i d s  employed is very high, it i s  possible to transmit 
high heat f l u x  down the heat pipe and s t i l l  m8intain a r e l a t i v e l y  minute 
temperature drop along the device. 
heat conductor, 
down a heat  pipe through a sample and s-till maintain a constant tempera- 
t u r e  across any one face o f  the sample. The property can be eseploited 
as an ideal experimental technique f o r  making high temperature thermal 
conductivity measurements e 
The charac te r i s t ics  of t h e  device are achie 
Since t h e  l a t e n t  heat of vaporization and conden- 
%t behaves l ike  an ideal isothermal 
This permits one to l i nea r i ze  a measured heat  flux 
One procedure f o r  using a heat pipe to measure thwmal conductivity 
at high temperatures i s  i l l u s t r a t e d  by the details of  Fig, 1. The fu r -  
nace used to es tab l i sh  t h e  steady state high temperature i s  shown as l, 
It consis ts  of two h a l f  cylinders o f  tantalum sheet,  joined at t h e  bottom 
by a heavier tantalum s t r ap  shown as 2 ,  The a*c .  currents, used to heat 
t h e  furnace, are supplied through the  two tantalum s t r i p s ,  shown as 3, 
which are connected t o  each ha l f  cylinder o f  t h e  furnace. The tantalum 
furnace i s  rad ia t ion  shielded by the  tantalum shields  shown as 4. The 
heat  pipe i l l u s t r a t e d  i n  Pig. 1 as 5 i s  a l i thium f i l l e d  tantalum pipe 
4 inches long, l/2 inch diameter. $t i s  supported by a tantalum pin  6 
on a tantalum base 7. 
t r ans fe r  u n i t  which w i l l  be described later (Fig. 2) .  
tested is shown as 9 and a tantalum disk,  which i s  i n  contact with one 
end of t h e  sample and a l so  i n  thermal contact w i t h  t h e  furnace, i s  shown 
as 10, 
thermal contact t o  t h e  sample. A high temperature thor ia ted  tungsten 
filament, used f o r  e lectron bombardment heating i s  shown as 11. 
beryllium oxide insu la tor ,  12, ins ide  furnace 1 confines the electron 
bombardment heating t o  pipe 5 and prevents it @anom being d;lissipated i n  
t h e  furnace walls 1, 
The top  end cap 8 of the heat pipe i s  a heat 
The sample being 
This i s  a r e l a t i v e l y  massive electrode used t o  insure good. 
A 
The heat  t r ans fe r  un i t ,  8 9  between t h e  heat pipe and sample i s  
amplified and i l l u s t r a t e d  i n  Fig. 2, The heat transf uni t ,  i n  t h i s  
instance, i s  p a r t  of heat  pipe A, The tantalum piece 
separated by a gap D which can be e i the r  evacuat 
gas through o u t l e t  E. The thickness of t he  twt cylinder P i s  s m a l l  
so  that t h e  heat  l o s ses  across t h e  gap 8re minimized. The sample t o  be 
tested i s  placed on C as i l l u s t r a t e d  i n  Fig, 1. The heat t r ans fe r  un i t  
concept has a unique property which makes it usefu l  for  thermal conduc- 
t i v i t y  measurements. 
control led by varying the  environmental gas i n  gap D. 
The heat  flux through the sample can be accurately 
3 
To determine the  thermal conductivity of a sample at  a given 
temperature, To:, t h e  following procedure i s  followed. The fbrnace i n  
Fig. 1 i s  heated t o  the operating temperature T o  by a high current 
8.c. source. With gap 9) (Pige 2) evacuated, the heat pipe i s  heated by 
electron bombardment t o  a uniform temperature 
case may be 2 5 O  t o  50' C higher than To. 
temperature p r o f i l e  a t t a ined  with vacuum i n  t h e  gap. 
t r ans fe r  un i t ,  with vacuum i n  t h e  gap, i s  designed t o  have a higher 
thermal res i s tance  than t h e  sample, t he  temperature drop T2 - To, 
across the  sample will. be s m a l l  compared t o  T l  - 920. The next s t ep  
i n  t h e  procedure i s  t o  introduce helium, at approximately atmospheric 
pressure, i n t o  the gas gap. This decreases t h e  thermal res i s tance  of  
t he  heat transfer un i t  and permits more heat t o  t r a v e l  through sample 9 
of  Fig. 1. If the  electron bombardment power i s  held constant, t h i s  
w i l l  r e s u l t  i n  a drpop i n  heat pipe temperature when helium is  introduced. 
To bring the  heat pipe back up t o  a temperature 
e lectron bombardment power No 'When t h i s  i s  8ccomplished t h e  new 
temperature p r o f i l e  shown i n  Fig, 3(b) is a t t a ined  where T > T2. The 
thermal conductivity i s  then given, t o  8 first order appronmation, by 
the yelat ion 
TI, which i n  a t yp ica l  
Figure 3(a) i l l u s t r a t e s  t h e  
I f  the  heat 
T 1  requires  addi t ional  
3 
t - 
ks - x 
where ks is the  thermal conductivity, t the  thickness:, and A t h e  
cross sec t iona l  area of  t he  sample. Equation (1) neglects t he  decrease 
i n  rad ia t ion  loss  from the  heat t r ans fe r  un i t  i n  Pig. 1 when helium re- 
places vacuuni i n  t he  gap. Since the  temperature drop across t h i s  un i t  
decreases, rsckiation losses decrease and blw would have t o  be corrected 
f o r  t h i s  rad ia t ion  l o a s  change. The co c t ion  term can be 
evaluated t o  a good approximation by 
trated i n  Fig. 3,> by t h e  procedure described i n  the  appendix. 
r e s u l t  is 
zing t h e  heat prob 
The f i n a l  
whieh i s  a t ranscr ip t ion  of equation XI7 of the appendix. 
previously i d e n t i f i e d  have t h e  following meaning. 
t h e  heat  t r ans fe r  cylinder, 
VIff(8) of the  appendix:, R 
Sl and $3 me rackiation terms defined i n  the  appendix and A1 is  the  
area of t h e  top of t h e  heat transfer un i t  not i n  contact with the sample. 
The la t ter  tern on t h e  r i g h t  of  equation (2) i s  obviously t h e  correction 
The symbols not 
a i s  t h e  radius; of 
a i s  an expression defined by equation 
i s  t h e  length of  t h e  heat t r ans fe r  un i t ,  
4 
term f o r  equation (I), 
Since t h e  values o f  81 and S3 depend on the  tots emissivity 
values of t he  given rad ia t ing  surfaces an& these values are general ly  
not  known too accurately,  t he  correction term i n  equation (2)  may, i n  
some cases, l i m i t  t he  absolute accuracy of t he  measurement, To avoid$ 
t h i s  d i f f i c u l t y ,  one can devise a possible  a l t e rna t ive  experiment which 
eliminates the  rad ia t ion  term. This cons is t s  of mking  two consecutive 
measurements, one with a sample of thickness the  other with one of 
thickness 2t. I n  both measurements helium i s  maintained i n  t h e  gap, 
I n  t h e  first experiment t he  heat flow given by appendix equation X I X I  
r e s u l t s  i n  t h e  temperature p r o f i l e  shown i n  Fig. 3(b) as before. If 
the  th icker  sample is then t e s t e d  and a mixture of He and Ax i s  put 
i n t o  t h e  gas gap so  t h a t  t h e  temperettwe p r o f i l e  shown i n  Fig. 3(b) i s  
again at ta ined,  one can determine t h e  new heat input ,  as given by 
t, 
which is obtained f r o m  appendix r e l a t i o n  equation '$11. The difference 
i n  power input for  both measurements i s  given by 
- 2 t  
ks -T  
I n  order to evaluate t he  proposed experiment, a spec i f i c  design f o r  
The purpose of t h i s  
the  m e a s u ~ e m ~ n t ~  
the  equipment shown i n  Fig. 1 has been analyz d o  
analysis  i s  t o  determine t h e  power requirements o 
app l i cab i l i t y  of t h e  method t o  materials of i n t e r  st and i t s  limits on 
accuracy e 
The proposed furnace (1 of Fig. 1) is 7 inchets high and 2 inches 
i n  diameter. 
tantalum, The heat pipe envelope i s  tantalum, f i l led w i t h  lithium, and 
i s  0.5 inch i n  diameter and 4 Snches long. 
made of t an tdum and i s  5/8 inch i n  diameter and 3/4 inch long. 
gap i n  the devzfce is;  0.005 inch. 
The two half  cylinders axe made of  0.005-inch-thick 
The heat t r ans fe r  un i t  i s  
The gas 
From the publishe 
at l5OO0 C as 24x10-3 ohms. 
su f f i c i en t  rad ia t ion  shielding t o  reduce the rad ia t ion  t o  about l/6 of 
its  unshielded value, one finds that  it takes about 400 watts t o  heat the 
fclrnace up t o  1500° C. This would require  a high current power supply 
that de l ivers  about 130 amps a t  approximately 3.1 vol t s .  
value f o r  the r s i s t i v i t y  of' tantalum as a 
flznction of temperature d4 one can evaluate the res i s tance  of  t he  furnace 
Assuming a t o t a l  emissivity of 0.34 and 
The e l e c t r i c a l  c i r c u i t  used f o r  e lectron bombardment heating is  
i l l u s t r a t e d  i n  Pig. 4. 
source Va md Vu fs a d,c.  power supply between the filament and 
t h e  grounded heat pips. The purpose of power source Vz9 an audio source 
whose eequency differs from VlS 
measured incremental power t o  the  heat pipe when a rar gas is  subs t i tu ted  
f o r  vacuum i n  the gas gap. 
The filament i s  heated with a 60 cycle a.c. 
i s  t o  be able t o  add accurately 
ff the electron bombardment filament is  about l inch in? dimeler 
and operated i n  t h  space charge mode ,  it would t&e a d.c. voltage 
of about 300 vo l t s  and d.e. curren-ts t o  80 m a  t o  a t t a i n  a heat pipe 
temperature of l525O C i f  %he furnace temperature 18 1500° C. 
charge mode is nesegsary i f  one wants t o  use the a.c. source V2 f o r  
incremental heating, 
(V,) 
The space 
h analysis  of the t o t a l  thermal res i s tance  t o  heat flow, fapom the 
heat pipe through the sample under vacuum gap conditions, shows that 
OC /watt at  roooo C t =22+- - - -  V 
RIOOO k8A 
OC /watt at  l50O0 G t R;500 = 19 + - 
ksA 
l3.m i n  the gap f the heat t r ans fe r  un i t  leads t o  the following 
r e l a t ions  
OC /watt at 1500° 66 t .p ne '1500 = 3*  
6 
The above f igures  were obtained from the  ensions of the heat t ransfer  
un i t  the  thermal conductivity of t a n t a l u m ~ a n d  the thermal conductivity 
of  helium. Radiation effects were neglected. 
The proposed method can best be evaluated by i t s  appl icabi l i ty  t o  
insulators .  From a p rac t i ca l  point of v i e w  the thermal conductivity of 
insu la tors  has always been most d i f f i c u l t  t o  measure becmse one has t o  
work with r e l a t ive ly  s m a l l  heat f luxes.  Since t h e  accurate measurem 
of low heat flux a t  high temperatures has always bean experimentally 
d i f f i c u l t  i n  t he  pas t  and the  proposed new method claims t o  eXim%nate 
some of these d i f f i c u l t i e s ,  it would seem appropriate t o  apply the scheme 
t o  a high temperature insulator ,  such as aluminum oxide and determine 
where the problem areas we. 
alumina6 gives probable values of k as 
The beet avai lable  data on high pur i ty  
watts ') = 0,058 watts k (lU20a) 0.063 -.-.-,- 9 
l0OO0 cmo C m C  
Using these values of k 
t = 0.2 cm, 
of 1000° C and a (TI, - TO) 
A1203 sample is 3.2O C with vacuum i n  the gap. 
i n t o  the  gap, 2.5 watts have t o  be introduc ower source TT2 (equiva- 
l e n t  t o  about 80 vo l t s  rms a,t 30 m a  r m s )  t o  raise 
t u r e  back up t o  lO25O C. The resu l t ing  t ~ p e r ~ t ~ r  
sample is now 11.1' C. A s i m i l a r  analysis  at  1500 
the  temperature changes fy. 
helium f i l l ed  gap and the  
and an a rb i t r a ry  value of A = l an2 and 
one f inds from equation 6(a) that., at an ambient temperature 
of 25' Cs the  temperature drop across the  
en helium is  inser ted  
heat pipe tmperet- 
d;-eop EWTOEW the 4 0 3  
6? ambient shows that  
t o  XLO c i n  going from a vacuum t o  a 
becomes about 2 .1  watts. 
The l i m i t s  o r  accuracy of t h i s  prop e r h e n t  can now be 
Measuring LlJbg of about 2.5 watts t o  a n t  accuracy should 
problem with the  proposed method but t h i s  precision i s  probably not obtain- 
able i n  the  temperature m e a ~ u r ~ e n t ~ .  A temperature difference of loo C 
at 1000° C i n  a tungsten (5% R e )  - tungsten (26% Eel  thermocouple c03pre- 
iqondsto 180 microvolts, Measuring t h i s  voltage t o  8, few percent can be 
done i f  it remains stable and reproducible. 
producibi l i ty  of these temp ra tu re  measurements would probably be t h e  
major difficulty and the prime source of e r ro r  i n  t h e  accuracy of the  
measurement. An accuracy o f  5-lO$ should be possJble. 
decrease the  e r ro r  by working w i t h  a l 
the heat  pipe and furnace ( e -go  
Howevers s t a b i l i t y  and re- 
One could a l so  
Tl - TO z 50° C> or  et thicker  sample* ger temperature difference between 
The above arguments show that t h e  proposed technique is capable of 
m & i n g  r e l a t ive ly  accurate t h  
e ra tures  on insu la torso  2?r thesis presented e a l f e r  it follows 
t h a t  measurements on m a ~ ~ r i ~ s  with %I higher conductiv2ty would be less 
d i f f icu l t .  I n  t h i s  category materials having a posaib1.e application t o  
al conduction m e a s u r ~ e n t ~  a t high t a p -  
7 
high temperature thermoelectrics are the  most in te res t ing ,  
carbide is a possible  example of  such a subst nce. Extrapolating t h e  
one reported thermal conductivity measurement on dense S i c  t o  higher 
temperatures, a value o f  about 0,13 watts/cmo C can be obtained at  
1500° C. 
cross  sec t iona l  area of one cm2 and a thickness of  0.2 an, one f inds  
t h a t  t he  measures &? of equation (1) would be 4.0 watts and t h e  meas- 
ured ('3 - T2) would be 60 C at  1500° C. The accuracy arguments 
discussed previously apply i n  an identical. manner t o  t h i s  ea~e.,  
Si l icon 
8 
If equations 6(b) and 7fb) are applied t o  a sample with a 
A l l  t h e  preceding computations f o r  SIC and Al.203 have neglected 
rad ia t ion  losses  from t h e  heat  t r ans fe r  un i t  as described by equation 2. 
This was de l ibera te ly  done t o  obtain order of magnitude information on 
the measured parameters i n  order t o  evaluate the experimental d i f f i c u l t i e s .  
The rad ia t ion  correction tern of equation (2)  i s  evaluated i n  t h e  
appendix (Eq, XVXId) and i ts  value is given as 0.11 watts /°K.  
compared t o  the N/T3 - T2 
t h a t  t h e  rad ia t ion  correction would be a 16 percent correction t o  the 
uncorrected value. 
because rad ia t ion  becomes less important. 
sample techniques, described earlier, would eliminate t h i s  problem 
ent i re ly ,  The only problem s t i l l  present i n  t h e  two sample techniques 
i s  maintaining good thermal contact but t h i s  i s  an inherent problem i n  
any thermal. conductivity measurement especial ly  at elevated temperatures. 
If  t h i s  i s  
value f o r  Sic, measured at  l 5 O O 0  C, we f ind  
A t  lower temperatures t h e  correction would be less 
The employment o f  t he  two 
An obvious extension is  i ts  application t o  measuring thermoelectric 
power and e l e c t r i c a l  r e s i s t i v i t y  of thermoelectric materiKI.8. 
addi t ional  measurements could e a s i l y  be made i n  t h e  setup of  Fig, 1 by 
adding voltage probe leads t o  t h e  equipment. I n  t h i s  manner f igu re  of 
merit information on high temperature thermoelectrics could readi ly  be 
obtained. 
These 
Since the equipment o f  Pig. 1 can be m a d e  r e l a t i v e l y  simple, it 
could be used f o r  on-site thermal conductivity measurements on materials 
used i n  nuclear reac tor  applications.  
i n  thermal conductivity of nuclear materiades with rad ia t ion  dose, it 
could be done by designing the  equipment fo r  a test hole i n  a nuclear 
reac tor  system. 
t h e  irradiated areag tested and then re inser ted  f o r  increased dosage. 
Pf one wanted t o  measwee t h e  change 
The saanple could be i r r ad ia t ed  f o r  a time, removed from 
The proposed experiment could also be used t o  accurately measure 
t o t a l  emissivity of high temperature materials, 
i n  t h e  procedure would be t o  make t h e  sample long and narrow so t h a t  t he  
rad ia t ion  losses  *om the surface are la rge  compared t o  t h e  heat  flow by 
conduction 
The only change needed 
8 
r 
ion lo s s  from the heat  t r ans fe r  u n i t  can be calculated 
Heat i s  thermally 
from a consideration of Fig,  2. The temperature vaziat ion of i t s  
length occurs along tantalum cylinder F of Fig. 2. 
conducted down t h i s  cylinder and also being rad ia ted  from it. We 
assume t h e  temperature t o  the  bottom of cylinder F i s  a t  the  heat pipe 
temperature T l  and a t  t h e  top  i s  at  temperature T2. The heat flow 
through t h e  heat t r ans fe r  u n i t  i s  
where WHp is the rad ia t ion  and conduction lo s ses  from t h e  heat  pipe 
and bottom of heat t r ans fe r  u n i t  a t  temperature T1. k, A, and t are 
respect ively the  thermal conductivAty, cross sec t iona l  mea and thick-  
ness of the  sample. m e  t he  radiat ion losses  from the  
lower ha l f  of  Ta cylinder F, t h e  upper ha l f  of  F, and t h e  top  p a r t  
of the  heat  t r ans fe r  un i t  at a temperature T2 respectively.  To 
evaluate Wl and W2 t h e  temperature p r o f i l e  on the tantalum cylinder 
F has t o  be determined. This can be done t o  a good approximation by 
considering t h e  following model. Heat is being conducted down t h  
cylinder and being radiated t o  the  flnrnace wall (assumed t o  be a t  a 
temperature To) and t o  the  i n t e r n a l  surfaces B and C of Fig, 2. 
If we take  an in f in i tes imal  element of" height dz of" t h i s  cylinder, we 
obtain f o r  t he  energy balance &om the  lower half of the cylinder. 
&Fls W2, andW3 
d2T, 
dz 
2na 3rd d &  = 277-8 ( E L I  
where a, k, d, and s%, are respect ively the raGu8,  thermal conductivity 
thickness of the cylinder and temperature respectively,  and a, >> 61. 
S l  i s  the  rad ia t ion  term f o r  t h e  outside of the cylinder rad ia t ing  t o  
the  furnace and 82 i s  the  term f o r  t he  i n t e r n a l  rad ia t ion  2rom surface 
B at  temperature T i .  They are a function of t h e  r e l a t i v e  emissivi t ies ,  
To, T l  
other .  
and the  r e l a t i v e  geometry o f  the  surfaces with respect  t o  each 
The r e su l t i ng  d i f f e r e n t i a l  equation is  
%'o + 82Tl = o  
d2TL (S, 4 S2) 
__I__- 
kd TL + kd dz2 
9 
Similarly f o r  the  upper pa r t  o f  t he  heat  t ransfer  un i t ,  w e  f i n d  the 
d i f f e ren t i a l  equation f o r  the upper temperature p r o f i l e  i s  given by 
= o  * s2T2 Tu * kd 1__1_ kd a2 
where w e  again assume the re  i s  no temperature drop through the  cylinder 
C of Fig. 2 and it i s  at a constant temperature T2. The rad ia t ion  
coef f ic ien t  
term i n  the  upper pa r t .  The two equations can be solved with the  bound- 
a ry  condition 
S2 i s  a l so  assumed t o  apply f o r  the  i n t e r n a l  rad ia t ion  
TL = T1 at Z = 0 
= T2 at 2 = R 
TU 
at  Z = -  .e
dTL dTu 2 - = -  
TI; = TU 
a d z  
and give the  following result 
* s2T1 = B s i n h a  -k C cosh dL + 
TL 81 + s2 
+ s2T2 
= D sinh a2 + E c o s h a  Q 
TU s1 * s2 
where 
2 s1 + s2 
kd a =  
{VIILC) 
3.0 
From the temperature d i s t r ibu t ion  along tantalum cylinder IF o f  
Fig. 2, one can now ca lcu ls te  quan t i t i e s  W and W2 from the formula 1 
Equation XX em be solved arid. becomes the r e l a t i v e l y  simple expression 
w3 The expression for  i n  equation (1) is  given by 
where 8 
un i t  r a d a t i n g  t o  the f'urnace a t  temperature To and is  the mea 
O f  the top of the heat transfer un i t  not i n  contact w i t h  the simple, 
Inser t ing  the values o f  Wl, WzS and W3 
the  following expression 
is  the rad ia t ion  constant f0r the top  of the heat transfer 
i n t o  equation I, one obtains 
11 
T1 - To) + (T2 .. To kA &a {cosh 09 - 1) sinh w = Wm 3. t (T2 - To) + v 
f o r  the heat l o s s  from the  heat t r ans fe r  un i t  with vacuum i n  the gap. 
The heat flow through the heat t r ans fe r  un i t  with helium i n  the gap, 
wHe, 
t o  be 
can be s imi la r ly  evaluated from the temperature p r o f i l e  i n  Fig. 3(b) 
The difference i n  e lectron bombardment power AW 
then given t o  a much better approximation by 
of equation (I), is  
ox 
t 
3 . -  
t 
k = x  A 
The rad ia t ion  correction w i l l  be evaluated f o r  t he  case of the  
tantalum heat transfer un i t  discussed i n  t h e  text, where 
and R = 3/4 inch. 
reasonable approximation by 
a = 5/16 inch 
The values of S1, S2, and S3 are given t o  a 
12 
are the  t o t a b  e d s a i d t y  of  tantajlum and eo respectively. 
e thak the  top  of t he  heat t r a n s f e r  u n i t  ( 
mainly t o  t h e  tantax 10 of" fg. I. I n s e r t i n g  the 
for  parameters a,R, 226 k9' d, Tos and A 1  
i n t o  equatAor ~~~~~~~~, ~~~~ and, t he  last term on the  right of equation 
shows t h a t  , 
-E a = 1.60 cm 
w a t t  8 = 0.11 -
0 K 
13 
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Figure 1. - Eqaipment f o r  measuring thermal conductivity using a high temperature heat pipe 
\ 
P 
Figure 2. - Detai ls  of heat t ransfer  unit. 
a , - - -  
- - - -  TI 
- -?c - - -  . - I -  .r, 
- -- 1, 
(a) ~ a p  is evacuated. (b)  Gap i s  f i l l e d  with He. 
Figure 3. - Temperature profile on heat t ransfer .  
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Figure 4. - Electrical circuit for heat ing heat pi 
